change continuing to increase (McCauley et al., 2015) . It is estimated that ~1 billion people rely on fish for their daily diet as do 200 million people for their livelihoods (Béné et al., 2016) . Given that oceans sustain so many people and are so biodiverse, it is imperative that we understand how marine ecosystems function, and how they are changing.
Seabirds act as sensitive bio-indicators for the direct and indirect effects of anthropogenic pressures on the marine environment through the study of their foraging behaviour, breeding performance and demographics (Furness & Monaghan, 1987) . The longevity of seabirds, their regular censusing and the sensitivity of focal species to changes in resource availability make them invaluable "barometers" by which the health of the marine environment can be monitored (but see Grémillet & Charmantier, 2010) . Phenology and breeding performance are known to be strongly influenced by oceanic conditions, food availability and fishing activities in both temperate (Frederiksen, Wanless, Harris, Rothery, & Wilson, 2004) and tropical (Le Corre, 2001) waters. In the latter case, many foraging seabirds associate with cetaceans and predatory fish such as tuna (Thunnus spp.) that drive prey to the surface where they are captured by plunge diving and surface feeding (Ballance & Pitman, 1999) . Prey may be sufficiently abundant but remain unavailable to tropical seabirds without the presence of such underwater predators (Maxwell & Morgan, 2013; Veit & Harrison, 2017) , particularly where foraging occurs over pelagic waters, far from upwelling areas or other physical oceanographic features that naturally result in large congregations of prey at the sea surface (Au & Pitman, 1986) .
Global declines of large predatory fishes since the middle of the twentieth century as a result of over-fishing, and lack of appropriate management measures (Juan-Jordá, Mosqueira, Cooper, Freire, & Dulvy, 2011; Myers, Baum, Shepherd, Powers, & Peterson, 2007) , may therefore have had significant impacts on the ecology of tropical oceanic seabirds. Other drivers of global environmental change may also have impacted on seabird foraging success and demography. For example, ocean warming has been linked to changes in prey population dynamics (Howells et al., 2017) , and range shifts of both forage fish and pelagic predators in temperate and tropical oceans (e.g. Perry, Low, Ellis, & Reynolds, 2005; Monllor-Hurtado, Pennino, & Sanchez-Lizaso, 2017) , potentially diminishing food availability to seabirds through reductions in both prey availability and accessibility (e.g. Howells et al., 2017) .
Studies of contemporary seabird diets, breeding success and population dynamics have provided valuable data on threats currently facing marine ecosystems. However, changes to such ecosystems may have occurred that pre-date modern monitoring programmes. Here, we use a historical ecology approach to investigate how long-term changes to marine food webs have influenced the foraging ecology of the world's most abundant tropical seabird, the sooty tern (Onychoprion fuscatus) at the Atlantic's largest nesting colony on Ascension Island (Hughes, Martin, Giles, & Reynolds, 2017) . Sooty terns are long-lived (in some cases >38 years old; Schreiber et al., 2002) , pan-tropically distributed (Schreiber et al., 2002) , and near-obligate commensals of tuna and other sub-surface predators (Au & Pitman, 1986) , making them ideal indicators of the status of tropical marine ecosystems. The species is currently regarded as of "Least Concern" by the IUCN owing to a healthy global population of 21-25 million birds (species account retrieved from http://datazone.birdlife.org). Nevertheless, a number of sizeable populations have declined markedly (reviewed in Hughes, Martin, Giles et al., 2017; Hughes, Dickey, & Reynolds, 2019) , including that at Ascension Island. Hughes, Martin, Giles et al. (2017) Paleczny, Hammill, Karpouzi, and Pauly (2015) based upon data from 3,213 breeding populations of 324 seabird species. Such declines in sooty tern numbers on Ascension Island are unprecedented; earlier estimates of the population in 1877 and 1942 suggested it contained 2.43 and 2.35 million birds, respectively (Hughes, Martin, Giles et al., 2017) .
Here, we investigate whether the steep decline in the size of the breeding population of sooty terns on Ascension Island can be related to changes in their diet. Since it is impossible to observe birds' foraging behaviour directly at sea, stable isotope analysis (SIA) was used to reconstruct diets from isotopic values of contour feathers grown over many months prior to their collection from each bird.
Once formed, feathers are inert metabolically and their composition therefore reflects food consumed at the time of growth (Ramos, González-Solís, Croxall, Oro, & Ruiz, 2009 ). To investigate how diets have changed over decadal scales, we plucked contour feathers from museum specimens of adult breeding sooty terns collected from the island between 1890 and 1972, and from fresh corpses or live birds captured on the colonies between 2006 and 2012. A similar approach has been successfully used in previous studies to reconstruct historical seabird diets (e.g. Hilton et al., 2006; Norris, Arcese, Preikshot, Bertram, & Kyser, 2007; Blight, Hobson, Kyser, & Arcese, 2015) .
We studied the foraging behaviour and ecology of sooty terns by examining whether their: (a) feather isotopic values change, (b) isotopic niches overlap and (c) diet composition changes either side of their population collapse. We discuss dietary reconstructions from feathers in the context of fundamental changes in marine food webs that have occurred across the same period, in particular the global declines in large predatory fish upon which sooty terns are almost wholly dependent to forage successfully. Finally, we discuss how findings may shape marine conservation initiatives in future.
| MATERIAL S AND ME THODS

| Study area and species, and the seabird community
The study was carried out on Ascension (07°57′S, 14°24′W), a (Pickup, 1999) . It has been partially successful (Ratcliffe et al., 2010) but the sooty tern population has continued to struggle in its recovery (Figure 1 ), despite the eradication of feral cats (Hughes, Martin, Giles et al., 2017) .
| Feather sampling
Terns typically moult and breed mutually exclusively (Ashmole, 1963b ) but only on Ascension Island do individual sooty terns breed subannually (Reynolds, Martin, Dawson, Wearn, & Hughes, 2014) ; they start their postnuptial (basic) moult (when all feathers are replaced) when still breeding (Ashmole, 1963b Table S1 ). In total, 187 skins were located (Supporting Information Table S2 ). SJR either travelled to museums to collect feathers or sent instructions to curators to ensure that sampled feathers were from equivalent breast areas on all specimens. Contour feathers were also obtained from dead birds that had collided with radio masts on Ascension Island and from live birds during ringing on the island (Supporting Information   Table S2 ). For each sample, a pair of contour feathers was collected from both the left-and right-hand sides of the breast in its midzone ~3 cm on either side of the keel ridge. Feathers were stored in a domestic refrigerator prior to SIA.
| Food sources for diet reconstruction
Sooty terns breeding on the island are on migration for at least six months of every subannual cycle (Ashmole, 1963a) and thus cannot be observed directly feeding at sea. Furthermore, no regurgitant samples were available from birds in museum collections. Simony's frostfishes (Benthodesmus simonyi) and hairtails (Trichiurus spp.) (Ashmole, 1963a) , and squid (Teuthida). Their diet when breeding can be readily reconstructed from regurgitant samples when sooty terns are handled; their regurgitated prey is far less digested than that from other seabird species (Ashmole & Ashmole, 1967) . In 2012 during ringing of breeding adults, we (i.e. SJR, BJH, CPW and RCD) noted a more catholic diet in birds that rarely regurgitated fish but more often violet sea snails (Janthina janthina), megalops (a larval stage) of Sally Lightfoot crabs (Grapsus grapsus) and locusts (Acrididae spp.) (Supporting Information Figure S1 ). While regurgitant samples 
| Stable isotope analysis
We performed SIA on contour feathers for δ 13 C ( Since the Industrial Revolution, the burning of fossil fuels has a lower δ 13 C than background carbon causing an exponentially accelerating decrease of δ 13 C in the biosphere-the so-called ''Suess
Effect'' (Keeling, 1979) . In addition, the increase in atmospheric CO 2 , and thus aqueous CO 2 , has increased phytoplankton fractionation, reducing its δ 13 C values (Rau, Takahashi, Des Marais, Repeta, & Martin, 1992) . Thus, raw δ 13 C values of sooty tern feathers were adjusted following Hilton et al. (2006) , Jaeger and Cherel (2011) , and
Carravieri, Cherel, Jaeger, Churlaud, and Bustamante (2016).
| Data analyses
All statistical analyses were carried out in R (Version 3.01) (R Development Core Team, 2016) . To test whether the trend in δ 13 C and δ 15 N before and after the population collapse differed significantly, we ran linear mixed-effect models (LMMs) (lme4 R library; Bates, Mächler, Bolker, & Walker, 2015) to control for uneven sample sizes between decades (i.e. with "decade" included as a random effect). They tested the effect of: (a) decade (1890, 1920, 1940, 1970, 2000 and 2010) and (b) the decade × period (1980-1940 vs. 1970-2010) and homogeneity (Cleveland dotplots) before each statistical test; they were transformed when required (Zuur, Ieno, & Elphick, 2010) .
All analyses were performed using an alpha threshold of 0.05. the population collapse. The standard ellipse area after small sample size correction (SEA C ) measure was used to compare estimated isotopic niches between the two periods. This is an ellipse that has 40% probability of containing a subsequently sampled datum regardless of sample size. We used the Bayesian estimate of the standard ellipse and its area (SEA B ) measure to test for differences between the two periods by comparing p (the proportion of ellipses) before with that after the population collapse, for 10 4 replicates (see Jackson et al., 2011 and Parnell et al., 2013 for further details). All metrics were calculated using standard.ellipse and convexhull functions from the SIBER R package. 
| RE SULTS
| Temporal trends in isotopic values
There were significant temporal trends in both carbon and nitrogen isotopic values of feathers across the decades from 1890 to 2010.
Carbon isotopic values of feathers from the 2010s were significantly lower than those of feathers collected from birds in the 1970 and 2000 decades which, in turn, were lower than those of feathers from museum skins collected between the 1890s and 1940s ( Figure 2a ; Table 1 ). The nitrogen isotopic values of feathers from birds sampled in the field in the 2000 and 2010 decades were significantly lower than those in feathers of museum specimens collected in the 1920s and 1940s which, in turn, were lower than those from the 1890s (Figure 2b ; 
| Isotopic niche widths
The for the "Suess Effect" following Hilton et al. (2006) . Sample sizes of birds are indicated within brackets. In both plots, the shaded area represents the transition between before and after the population collapse of the Ascension Island sooty tern population (Hughes, Martin, Giles et al., 2017) further details). There was no overlap in these isotopic niches between these periods although the niches of birds decreased both in δ 13 C and δ 15 N values from the former to the latter period (Figure 3 ).
| Isotopic values of prey and reconstructed diets of birds across decades of sampling
The mean δ 13 C and δ 15 N values differed between prey categories-fish, squid, marine invertebrates and terrestrial invertebrates (Figure 4 ). The C:N mass ratios for fish (3.01), squid (2.87), marine 
| D ISCUSS I ON
Significant declines were found in both the δ 13 C and δ 15 N values of contour feathers collected over the 120-year study period Field observations of breeding sooty terns on Ascension Island also suggest that the proportion of fish in their diets has declined since the middle of the twentieth century, decreasing from 0.60 in 1958 -1959 (Ashmole & Ashmole, 1967 , to 0.50-0.60 in 1972 (Johnston, 1973) and to only 0.17 in 2004 (Hughes, 2014) . In 2012, birds were predominantly feeding on squid and other low energy content foods, reflecting the struggle to locate fish prey. These observations support our SIA findings ( Figure 5 ) and provide further evidence of a dietary shift. A similar dietary shift by breeding sooty terns was observed in the Dry Tortugas (FL, USA) 8,000 km away from Ascension Island: between 1920 and 1941 squid were absent from diets but they were a common dietary constituent between 1992 and 1994 (Colchero, 2008) .
We worked with museum skins primarily because they extended the study beyond the period for which reliable field observations of sooty terns on Ascension Island were available. However, the number of years for which feathers were available for analysis (n = 11) was necessarily restricted to those when museum collectors and field ornithologists made visits to the island. Unfortunately, a lack of prey specimens in museums collected contemporaneously with these visits also results in an unavoidable temporal mismatch between dietary samples and feathers used in our SIA (a known limitation when using isotopic mixing models; Inger & Bearhop, 2008) .
Stable isotope analysis lends itself well to dietary reconstruction of seabirds using museum specimens (Barrett et al., 2007) , but without access to historical prey too, it is difficult to know whether the isotopic prey composition remained constant over the period of study (Bond & Jones, 2010 
| What has caused the dietary shift?
The middle part of the twentieth century, during which the dietary shift apparently occurred, marked the beginning of a period of major change in the world's oceans with the expansion of industrialized fishing and an acceleration of anthropogenic climate change dramatically altering marine food webs (Estes et al., 2011) . Shifts in diet from predominantly fish to a greater dependence on less nutritious prey such as squid have been reported regularly in seabird species over the past 50 years and have often been attributed to the direct depletion of forage fish by fisheries (see Kowalczyk, Chiaradia, Preston, & Reina, 2014 and references therein) . In the case of sooty terns, no commercial fisheries exist for the small, pelagic species typically found in their diet. However, the rapid growth of commercial fisheries for tuna and other large-bodied, predatory species since the 1960s may have caused a similar effect on prey availability through the disruption of foraging associations on which terns depend to locate and catch fish at the surface (Au & Pitman, 1986; Veit & Harrison, 2017) . While many large predatory fish are opportunistic foragers , a large proportion of their diet can comprise fish species (e.g. Dragovich & Potthoff, 1972; Potier et al., 2007) with inevitably other fish species also driven to the surface as they hunt.
According to some estimates, the abundance of large pelagic fish in tropical international waters has declined by ~90% over a 50-year period (Safina, 2003) The availability of fish prey to adult seabirds may also be strongly influenced by ocean warming and associated environmental change that can significantly impact their foraging success (e.g. Howells et al., 2017) . In the case of sooty terns, changes in diet composition could be mediated through shifts in the range and behaviour of forage fish (Perry et al., 2005) , and of the pelagic predators they associate with (e.g. Kitagawa et al., 2000; Hazen et al., 2013) . Mean annual sea surface temperature anomaly ( Figure 2b ) and increasing SSTa (Figure 6b ) that suggests that birds are responding to changes in prey availability and accessibility in warming foraging areas through changes in diet. However, given the high mobility of sooty terns and their extensive foraging range during inter-breeding periods (Schreiber et al., 2002; SJR, unpub- lished data), it seems likely that they would have been able to track any regional shifts in distributions of prey or feeding associates.
Given the timescales involved, unravelling the precise causes of the observed dietary shift is likely to be challenging. Applying a similar "historical ecology" approach (e.g. Wu et al., 2017) using SIA to other species in Ascension Island's seabird community that are less dependent on "facilitated foraging" (Maxwell & Morgan, 2013 may help to determine the extent to which observed changes have been driven by the disruption of feeding associations as opposed to more general changes in prey availability (Gagne, Hyrenbach, Hagemann, & Van Houtan, 2018) . Nevertheless, it is apparent that a fundamental shift in the diet of sooty terns at Ascension Island has occurred over the past 60 years which most likely has its roots within anthropogenic disturbances to marine food webs over the same period.
| Can the dietary shift explain population decline?
Undoubtedly invasive species have impacted on the breeding success and demographics of sooty terns on the island (Hughes, Dickey, & Reynolds et al., 2019; Stonehouse, 1962) . Domestic cats, black rats (Rattus rattus) and common mynas were all introduced to Ascension Island during the eighteenth and nineteenth centuries and depredate incubating adults, chicks and eggs (cats were later eradicated in [2001] [2002] [2003] [2004] .
However, none of these introductions was coincidental with the apparent population decline of sooty terns (Figure 1) , nor is there evidence that populations of these species reached critical levels at around that time. Rats were reported as being highly abundant on the island in 1725 (Ritsema, 2006) but were rarely seen in lowlying areas in the mid-twentieth century (Ashmole, 1963a and other reports), perhaps due to the influence of cats which had been introduced in 1815 to control their numbers. Predation by cats was also a persistent threat to seabirds throughout the nineteenth century during which time many of the island's resident, ground-nesting species were eradicated from the mainland (Stonehouse, 1962) .
As such, invasive species do not satisfactorily explain the reported collapse in sooty tern numbers during the middle part of the twentieth century and nor is it straightforward to estimate their relative impacts.
The link between diet and breeding success has been well established in numerous seabird species (e.g. see Kowalczyk et al., 2014 and references therein), particularly with regard to the lipid/ energetic content (Wanless, Harris, Redman, & Speakman, 2005) .
With reduced teleost fish consumption, terns have had to rely on an increasingly low quality diet of squid and invertebrates which is considerably lower in lipid and may often fail to meet energetic demands of breeding. Limited data are available on the breeding success of sooty terns prior to their population collapse but years of low productivity have occurred (Ashmole, 1963a) and years of high breeding success still occur now (Hughes, 2014) . Variation in food availability and breeding success is typical in seabirds, and most of these long-lived species are able to survive recruitment gaps or occasional breeding failures linked to environmental stochasticity. iccat.int/en/accesingdb.HTM for further details), and (b) mean (+ 1 SD) sea surface temperature anomaly (SSTa) within a 1,000 km buffer surrounding Ascension Island (data retrieved from http:// www.metoffice.gov.uk/hadobs/hadisst/). In both plots, the shaded area represents the transition between before and after the population collapse of the Ascension Island sooty tern population (Hughes, Martin, Giles et al., 2017) . During the collapse, there was a 15-fold increase in skipjack and yellowfin tuna catches for the eastern tropical Atlantic region in the 1970s and a fivefold increase in the average SSTa until the 2010s [Colour figure can be viewed at wileyonlinelibrary.com] promoted adult and chick survival and may have offset pressures on food availability. It is also possible that the population has reached a new, reduced carrying capacity that can be maintained within the altered marine food web. So-called "regime shifts" between alternative stable states are a common feature of marine ecosystems (de Young et al., 2008) and can be triggered by climate events and over-fishing of top predators resulting in system-wide trophic cascades (Daskalov, Grishin, Rodionov, & Mihneva, 2007; de Young et al., 2008) . Our results suggest that the historical sooty tern population decline on Ascension Island may be at least partly explained by a fundamental change in diet over the same period driven by ecosystem-wide changes affecting the tropical Atlantic (Ostrom et al., 2017) .
| Implications for marine conservation
Seabirds represent key bio-indicators of marine ecosystem status (Furness & Greenwood, 1993) , and sooty terns are no exception. to improving the status of our study population. However, given the wide distribution and considerable mobility of both sooty terns and of the species with which they associate, it is likely that ocean-scale solutions will be needed to reinstate past food webs and reverse historical declines.
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